PET Vascular prostheses are susceptible to physical modification and chemical degradation leading sometimes to global deterioration and rupture of the product. To understand the mechanisms of degradation, we studied 6 vascular prostheses that were explanted due to medical complications. We characterized their level of degradation by comparing them with a virgin prosthesis and carried out physicochemical and mechanical analyses. Results showed an important reduction of the fabric's mechanical properties in specific areas. Moreover, PET taken from these areas exhibited structural anomalies and was highly degraded even in virgin prostheses. These results suggest that vascular prostheses have weak areas prior to implantation and that these areas are much more prone to in vivo degradation by human metabolism. Manufacturing process could be responsible for these weaknesses as well as designing of the compound. Therefore, we suggest that a more controlled manufacturing process could lead to a vascular prosthesis with enhanced lifespan.
Introduction
Arteries are blood vessels that carry oxygen and nutrients from the heart to the rest of the body. Healthy arteries are flexible, strong, and elastic. With age, vascular diseases can occur leading to a lumen with restricted section or to a loss of elastic properties of arteries (Figures 1(a) and 1(b) ).
Vascular diseases are often treated by replacing the dysfunctional blood vessel with a vascular prosthesis. Fabric materials were first used as vascular prostheses in the 1950s, when Voorhees et al. [1] implanted a polymeric vascular graft manufactured from vinyl chloride and acrylonitrile. Since then, a number of polymers have been used to fabricate vascular prostheses. Ideally, the prostheses should have the same properties as the healthy arteries to avoid weakening of the heart. Polyethylene terephthalate (PET) remains a primary choice for vascular prostheses because of its biostability and biocompatibility. In spite of this success, the lifespan of PET vascular prostheses is limited and many complications can occur following a relatively long in vivo stay (Figures 1(c)-1(e)). Failures may be related to the deteriorations that occur during manufacturing steps, implanting steps, and the time of stay in the body [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Dilatation and rupture ( Figure 1 (e)) are two complications of long-term degradation of polyester vascular prostheses [11] [12] [13] . The mechanisms of degradation are not yet clearly understood but are probably multifactorial. Degradation may be related to a preexisting weakness of the prosthesis prior to implantation, such as a poor design of the textile structure or alterations of the prosthesis during its manufacturing process [14, 15] . Currently, warp-knit structures have demonstrated a good long-term stability and are widely implanted. However, despite this good stability, sporadic ruptures were reported by researchers. In most cases, these ruptures consisted in general degeneration of the textile with huge degradation of the fibers and complete destruction of the prosthesis or more rarely in longitudinal ruptures [16] [17] [18] [19] [20] [21] [22] [23] . In a previous study, we analyzed 20 explanted prostheses in which a longitudinal rupture had occurred [3] . One result of the study was that the ruptures occurred on two specific areas of the textile structure: the remeshing line and the guide line ( Figure 2 ). Conclusion was that these areas were weak spots needing particular attention. We then performed chemical and mechanical investigations of virgin prostheses and demonstrated that these longitudinal ruptures observed on both remeshing and guide lines were predictable [24] . These areas of weakness seemed to be related to the manufacturing process which may induce physical and chemical modifications of the polyester yarns. These alterations may be considered as a premature ageing of the polyester before its implantation. Therefore, it is important to understand in detail what happens throughout the different steps of manufacturing (knitting, cleaning, compaction, crimping, and thermosetting) in order to improve the quality of the in vivo behavior of arterial prostheses and to avoid ruptures in the future. Previous studies have investigated the nature of morphological changes induced by ageing on PET fibers extracted from explanted prostheses [5] [6] [7] . Although these results found in the literature are very interesting, the other modifications such as chemical ageing that depends directly on the stay in the biological environment have not been assessed [2] [3] [4] [5] [6] [7] . Therefore, these previous studies are considered insufficient and unable to give a total description of ageing. To know the type of modification that could arise in the polymer, complete physicochemical studies of explants have to be undertaken. The goal of the present study was to investigate the physical and chemical degradation of polyethylene terephthalate yarns and filaments taken from specimens of our previous series of 6 explanted grafts in order to confirm in vitro data and to understand this ageing mechanism.
Material and Methods

The Prostheses.
The explanted prostheses were Cooley Double Velour (CDV) and the Microvel Double Velour (MDV) (virgin and explanted prostheses (Figure 3) ), both grafts being constructed by Meadox Medical, (Oakland, NJ, USA). Explanted specimens were collected from 1993 to 1998 through the collaboration of several hospitals in Europe. We have the largest stock of various prosthetic explants in Europe. Unfortunately, some explants collected are unexploitable due to their in vivo degradation, the quantity of the obtained explants was not sufficient. For these prostheses, three different areas are distinguished ( Figures 3 and 4) . The first one corresponds to the columns made of black yarns, used by the surgeon to correctly place prostheses. These columns are named Guide Lines (GL). The second one corresponds to Remeshing Lines (RL) made of yarns that join the two parts of the basic knitting. The rest of the prosthesis forms the Standard Knit (SK). For guide lines and standard knit, there are two types of yarns: flat (FFP: made with short filaments) and textured (FFT: made with long filaments) yarns. We analyzed explants where enough quantity of material was available to complete our protocol (6 of the 20 explants). Their mean duration of implantation was 202 months (range 156 to 240). The main characteristics of the prostheses are summarized in Table 1 . Briefly, the processing was as follows: at the time of their reception in our laboratory, the prostheses were photographed and macroscopically analyzed with an optical microscope. The prostheses were then cleaned using a nondeleterious-specific treatment for PET fibers to undertake chemical investigations. For this treatment, the explants were immersed in a 10% sodium hypochlorite solution with soft agitation for 3 hours. They were then rinsed with distilled water, and hypochlorite remnants were neutralized International Journal of Polymer Science with a 0.5% hydrogen peroxide solution. The prostheses were rinsed again with distilled water, dried, and stored.
Virgin prosthesis was used as a reference. So, in order to study only the effect of the chemical aging on the PET properties, this virgin prosthesis was sterilized and then it was cleaned with the same treatment as for the explants.
In this study, flat and texturized filaments of standard knit (FFP and FFT, resp. Figure 3 (e)) were analyzed. The filaments were taken by unroving the prostheses. France) was used to determine the deteriorations of the textile structure. The specimens were studied without metallization, in partial vacuum conditions (0.1-0.15 torr), and under an accelerating voltage ranging from 8 to 18 KeV. These conditions ensured that the specimens were not altered for further investigations, and that a maximum rate of magnification of 200 was achieved. We studied the aspect of the ruptures and the filaments inside the yarns.
Scanning Electron
Filament Dynamometry.
Filaments taken from yarns of the standard knit were studied by filament dynamometry using a dynamometer (Lhomargy, Ivry-sur-Seine, France). Ten samples were tested for each type of filament. The distance between the dynamometer jaws was 10 mm (with a pretension) as proposed by the recommendations of the national and international textile standards NF EN ISO 5079. The curves obtained for each specimen were recorded. The results were expressed as the tenacity in cN/tex with the average value and the coefficient of variation.
Density Gradient Column (DGC).
The principle of this technique consists in immerging pieces of PET filaments (∼1 mg) in a calibrated density gradient column obtained by mixing two miscible liquids at 23
• C: carbon tetrachloride and petroleum ether ( Figure 5 ). Thirty measures were performed for each sample. This technique allows the measurement of the density of the polymer in g/cm 3 .
International Journal of Polymer Science From this value, we can calculate the polymer's crystallinity percentage with the following equation [25] :
where ρ is the density of the polymer measured in the gradient density column, ρ a the density of the amorphous phase of PET, and ρ c the density of the crystalline phase of PET. These 2 values have been previously calculated for PET (ρ a 1,335 g·cm −3 and ρ c 1,445 g·cm −3 ).
Infrared Microspectroscopy (IMS).
We used a Brucker Fourier transform infrared (FTIR) spectrophotometer (Brucker Optics, Marne la Vallée, France) equipped with Brucker Optic software. The IMS in a transmission spectrum of PET fibers was recorded directly in the range of 2000-4000 cm −1 . Each spectrum was made from an average of 200 scans at a resolution of 2 cm −1 . The diaphragm opening was 0.9, corresponding to an object diameter of 63 μm, and the microscope magnification was 15x. Each sample was dried overnight in a vacuum oven at 50
• C before its study. We analysed 30 fibres (length: 6 cm) (30 spectra) extracted from various zones of each prosthesis.
Nuclear Magnetic Resonance (NMR H ).
This technique was chosen to characterize the evolution of the macromolecular mass and to detect the presence of structural abnormalities of the polymer. NMR experiments were recorded at 400 MHz on a Brucker Acance Spectrometer (Brucker Optics, Marne la Vallée, France) equipped with a QNP Zgradient probe. All the 1H NMR spectra were acquired with a 30
• pulse corresponding to a pulse width of 3.1 μs. The delay time between each pulse was 8 s. 1 H NMR spectra were recorded during 4000 scans (number of acquired transients) for adequate ratio of signal to noise. The total acquisition time was approximately 14 hours.
Solutions were prepared by dissolving the PET samples in tetrachloroethane-d2 (Deuterated tetrachloroethane 99.9% atom D) at 140
• C (typically 2-4 mg) directly in an NMR tube and waiting for about 90 seconds to ensure a complete dissolution of the polymer, then the mixture was cooled to ambient temperature. The experiments were run at room temperature. For these analyses, Topspin 1.3 software was used to treat the spectra and 1 D NMR processor 11.0 (ACD Labs, Toronto, Canada) software was used to determine the peak integrals. Prior to signal integration, a linear baseline correction was applied between 2 and 12 ppm. We respected the same construction of the baseline for all spectra; so the choice of the baseline did not influence the obtained 1 H NMR results.
Results
Scanning Electron Microscopy.
The specimens were examined under scanning electron microscopy on the external and internal surfaces. We found major deteriorations in the texturized filaments from the standard knit and that constitute the velour ( Figure 6 ). In most of the samples, they were completely broken with transverse fractures (Figure 7 ). This phenomenon was mainly observed on the external surface of the prostheses, where the velour had sometimes completely disappeared. SEM micrographs of the virgin prosthesis showed that the remeshing line appeared as two columns of stitches that were very close (Figure 2(c) ). When considering SEM micrographs of ruptured remeshing lines, we found that the texturized filaments of the velour were all ruptured with a complete destruction of the velour. The ruptures occurred in all samples on the flat filaments of the yarns between the two columns of the remeshing line and the first column of the standard knit. The breaks in the flat filaments were perpendicular to their axes. The guide line showed the same aspect of knitting under scanning electron microscopy. The examination of the areas of rupture demonstrated a complete rupture of all of the texturized filaments of the velour. The flat filaments were transversely broken with an aspect of incomplete and gradual rupture at the edges of the ruptures. At least in the absence of macroscopic rupture on remeshing or guide lines, alteration consisting mainly of an increase of the distance between the columns of stitches was often observed.
Filament Dynamometry.
When compared to the virgin reference prosthesis, explanted prostheses demonstrated a higher heterogeneity in terms of tenacity and elongation at rupture characterized by an increase of the coefficient of variation (Table 2 ). For the 6 explanted prostheses, the average tenacity was close to that of the virgin prosthesis except in one case where it was twice lower. Elongation at rupture dramatically decreased by a ratio of about 2.4 for long filaments and of 2.8 for short filaments in average ( Table 2) . 
Density Gradient Column (DGC).
The density gradient technique is an extremely accurate method for determining the density of polymers. Table 3 and Figure 9 show an increase of the density for the explanted prostheses especially for texturized yarn. These results prove that the application of physical and mechanical constraints during in vivo stay modifies the structure and the density of the polymer. end-groups absorbances of the virgin prosthesis ( Figure  10(b) ). However, a variation of the peak absorbances of the aged sample is observed (Figure 10(c) ). This behaviour may be attributed to a nonhomogeneity of the properties for the explants. Accordingly, a remarkable variation of the hydroxyl end-groups absorbances along the explanted prostheses is observed (Figure 10(d) ). These tests prove that the application of chemical constraints during in vivo stay modifies the structure of the polymer and creates a nonhomogeneous degradation for the explants. SEM macroscopic examination confirms infrared microscopic examination.
Infrared micro spectroscopy (IMS)
Secondly, the FTIR spectroscopy was used to follow changes in chain conformation of poly(ethylene terephthalate) (PET), which occur during physical ageing (Figure 11) .
The gauche (G) or trans (T) conformation of the ethylene glycol fragment through rotation around C-C bond accounts for major IR spectra differences in amorphous and crystalline phases [26] . The vibration modes were extensively studied [26] [27] [28] [29] : for example, the 1340 cm −1 band assigned to -CH 2 -wagging of trans (T) glycol groups, primarly found in crystalline phase, and 1370 cm −1 band for gauche (G) form in amorphous phase. Using 1410 cm −1 band as the thickness reference provides a way to normalize spectral intensities among materials (this band has been shown to be insensitive to conformational change [26, 27] ). The mode at 1340 cm −1 (-CH 2 -wagging) originates from transglycol segment, [28] making 1340 cm −1 /1410 cm −1 peak ratio a good indication of the transglycol content (crystallinity). These bands were used to follow the changes in molecular structure due to ageing.
These absorption bands exhibited a greater change in intensities after ageing (Figure 8) . The band at 1370 cm −1 decreases, while the band at 1340 cm −1 increases in intensity with increased transconformer (crystallinity) for all explants. [32] Also, the 1 H-NMR spectrum shows a very fine peak at 8.01 ppm (H 7 ) corresponding to PET cyclic trimer (i.e., three repeating units), which is present in significant quantity in the PET [30] . To monitor the changes that occur in the PET polymer during in vivo stay, the signal at 8.35 ppm corresponding to 13 C satellite of aromatic protons (H 1 ) was used to normalize all spectra.
Nuclear Magnetic Resonance (NMR H
)
Ethylene Groups.
Ethylene-repeating unit comprising the PET macromolecular chain is generally the first and most important attribute of a PET polymer. To compare the ethylene groups, the signal at 4.87 ppm corresponding to 13 C satellite of these groups (H 2 ) was used. Figure 13 shows a slight reduction of the ethylene quantity for all explants compared to the virgin prosthesis. This reduction can be explained by the rupture of macromolecular chains in ethylene repeating unit during an in vivo stay. Many studies on the degradation of PET have been carried out, and it has been considered that the degradation of PET consists in random scission of ester linkages [33, 34] .
The study of polymers starts by understanding the methods used to synthesize the materials. Polymer synthesis is a complex procedure and can take place in a variety of ways. Certain secondary reactions can occur during the synthesis of the PET, leading to nonconforming groups such as the formation of DEG and PET cyclic oligomer.
Diethylene Glycol.
The DEG groups are formed by secondary reaction during PET synthesis (Figure 14) . DEG is known to be a weak point in the thermal degradation of PET [35] . Lecomte and Liggat [36] confirm that there is a specific degradation of DEG units, which occurs at 100 K below the degradation temperature of PET. The DEG groups provide some degree of flexibility to a relatively stiff PET backbone, which slows down its crystallization [37] .
Cyclic
Oligomer. In the process of producing linear polymers by condensation, cyclic oligomers are inevitably formed and their formation considerably affects the macromolecular weight distribution even though the total amount formed is less than 5% [38] . The dominant oligomeric species in PET is cyclic trimer, which accounts for more than 77% of cyclic oligomers. The PET oligomers are located essentially on the fiber surfaces [39] . Figures 15 and 16 show a remarkable reduction in the diethylene groups and PET cyclic oligomers for all explants compared to the virgin prosthesis. These results are in agreement with several authors [36] [37] [38] [39] [40] , who said that the increase in DEG content promotes hydrolysis and oxidative degradation. Holland and Hay [32] [33] [34] [35] proved that DEG chain ends were more prone to degradation than the rest of the PET chain, leading to the formation of dioxane and carboxylic end-groups. Therefore, after ageing, these long macromolecular chains (virgin prosthesis) have suffered severe degradation. This phenomenon is related to the formation of smaller molecules, and it may occur by random scission in DEG. Similarly, according to several authors, [36, 38] , the cyclic oligomers are released early during the degradation and correspond to the first mass-loss step observed for PET.
To clarify the effect of chemical aging, the macromolecular weights of PET fibers extracted from various vascular prostheses, using NMR technique, were quantified.
Molecular Weight. 1 H-NMR technique has been used
to compare the macromolecular weight of a series of PET vascular prostheses, collected after different durations of in vivo stay.
Polymer properties are strongly dependent on the number of monomer units that comprise the macromolecular chain. Mathematically, the average number of macromolecular weight (Mn) is given by the following formula (2):
where M is the molecular weight of repeating unit, DP i is the average number of repeating unit, and M G is the residual molecular weight of end-groups and/or insertions. Direct 1 H-NMR technique is not sensitive to the carboxyl end-groups because of line broadening of the signal caused by fast chemical exchange within impurities. COOH endgroups are very low in comparison to OH end-groups, even after aging (COOH < 20% and OH > 80%; these results are verified by chemical titration); therefore, the COOH groups have little influence on the evolution of (Mn) values. Thus, the macromolecular weight will be calculated by supposing that all chains are terminated by hydroxyl groups. The average number macromolecular weight can be represented by the following formula (3):
where %M n1 is the percentage of principal polymer chain (without oligomers); M n1 is the macromolecular weight of principal polymer chain; %M nol is the percentage of oligomer; M nol is the molecular weight of oligomer. The macromolecular weight of principal PET chain (M n1 ) can be calculated by the following formula (4) (Figure 17 ):
To determine n and m, we use the integral value of 1 H-NMR signal (integration). This signal is proportional to their proton number and this group's repeating number.
Thus, this integral value (I i ) can be determined by the following formula (5):
where Nber H is the proton number in this group; Nber M is the number of repetitions of this group in one macromolecular chain; Nber C is the number of macromolecular chain repetitions. Thus using the above equation, m and n can be calculated. The average number of diethylene repeating unit (m) was calculated by using the ratio (I 6 /I 3 ) and the average number of ethylene repeating unit (n) was calculated by using the ratio (I 2 /I 3 ) (Figure 17 ). I 6 represents the integral values of the diethylene glycol and I 2 represents the integral values of the ethylene glycol. I 3 is the integral value of the CH 2 in α-position of hydroxyl end-groups (H 3 ). The H 3 group is repeated twice by chain and it contains two protons.
The macromolecular weight of oligomer is equal to 576 g/mol (M nol ). The percentage of oligomer (%M nol ) can be determined by using H 1 and H 7 bands:
where I 1 is the integral value of the aromatic protons of principal polymer and I 7 is the integral value of the aromatic protons of oligomer. Thus 1 H-NMR technique has been used to compare the macromolecular weight of a series of PET vascular prostheses, collected after different durations of in vivo stay.
As a specific modification is induced by the increase of the end-groups, Figure 18 shows a strong decrease of macromolecular weight (Mn) detected for all explants compared with the virgin prosthesis. In addition, it was observed that the textured standard yarns (FFT) are more degraded than the flat standard yarns (FFP) for different explanted prostheses (between 33.0 and 56.0% for FFT and between 30.0 and 47.7% for FFP). These results are in good agreement with the results found in the literature [26, [41] [42] [43] . Indeed PET chemical degradation consists in a change in the properties and macromolecular weight, under the influence of one or more environmental factors such as heat, temperature, or chemicals. This degradation can be explained by a random scission of the ester linkages, which in turn leads to a decrease in the macromolecular weight of the polymer [26, 34, 44] .
While the results showed that the macromolecular weight values (Mn) are significantly influenced by aging following implantation, the impact of the duration of in vivo stay on the chemical degradation was difficult to evaluate. We noticed that these (Mn) of the fibers extracted from vascular prostheses are not directly correlated to the duration of in vivo stay (e.g., the prosthesis (E: 156 months) is more degraded than the prosthesis (A: 204 months)). Therefore, the degradation level does not depend on the time of in vivo stay or the location of the implant (Table 1) . These results are in good agreement with the literature [45] .
Moreover, degraded chains (explants) with low molecular weight exhibit a remarkable reduction in DEG and PET oligomers.
Discussion
Ruptures of polyester textile prostheses have been rarely reported in the literature. In a previous study [3, 15, 24] as a part of a European collaborative program, we collected 20 cases of ruptures occurring on two similar prostheses constructed by the same manufacturer. We demonstrated that these ruptures were not randomly distributed on the textile structure of these warp-knitted prostheses but that they occurred on two well-defined areas: the remeshing line and the guide line.
The goal of the present study was to determine if these areas of weakness could have been predicted by in vitro investigations of virgin prostheses associating mechanical and chemical analyses. texturized trilobate filaments. Unfortunately, the virgin prostheses corresponding to the first generation were no longer available so we used virgin prostheses from the second generation. The second-generation prostheses use cylindrical texturized filaments instead of the trilobate ones. Filament dynamometry highlighted modifications of the mechanical behavior of monofilaments after the manufacturing of the prosthesis. The resistance of a yarn is equal to the resistance of each filament multiplied by the number of filaments. The study of the mechanical behavior of the filaments taken from yarns extracted from the different areas of the prostheses highlighted two phenomena. First, we observed heterogeneity of the mechanical behavior of the filaments inside a same yarn, with this heterogeneity being characterized by major differences in terms of resistance and breaking extension. Secondly, we showed differences in mechanical behavior of the filaments according to the area from where the yarns were extracted. We believe that this heterogeneity of mechanical behavior may lead to the rupture observed in the textile structure. In these conditions of heterogeneous behavior of the filaments inside a yarn, the resistance of a yarn depends greatly on the resistance of the weakest filament. Consequently, such a yarn will be exposed to a gradual rupture of the filaments, which may generate longitudinal tears in the prosthesis as described on the explanted prostheses in human. Both prostheses were constructed with a short yarn and a long texturized yarn. The texturization of a long yarn deeply modified the elongation properties of the filaments. Consequently, it is logical to find significant difference of mechanical behavior between short and long yarn inside the same column of stitches.
During the manufacturing process, the polyester filaments and yarns can be degraded by texturization. This is obtained by thermofixation after the application of longitudinal or transverse stresses and of torsion. It will generate irregularities of the structure and the geometry of the filaments. After knitting, the prostheses are compacted in order to decrease its porosity by a thermal and/or chemical swelling of the polyester filaments. This treatment can also modify the molecular arrangement, and the orientation or the crystallinity of the polymer, affecting its mechanical properties. Crimping can also modify the filaments since it is carried out by thermofixation. The application of mechanical and thermal constraints can also modify the structure of the polymer and create the deformations of the filaments as observed by scanning electron microscopy. Finally, the prosthesis is cleaned with chemical reactants that may modify the surface chemistry of the polyester filaments. The prosthesis can also be degraded at the time of its implantation. All these deteriorations of the textile structure occurring before or during the implantation of the prosthesis could promote an accelerated in vivo biodegradation of particular types of prostheses. After the implantation, the pulsatile arterial stress and the enzymatic environment of the tissular host response may accelerate the polymer degradation. Table 3 shows an increase in crystallinity percentage for all explants compared to virgin prosthesis. This increase can be explained by the rupture of macromolecular chains in amorphous areas during an in vivo stay (Figure 19 ). Thus, these short-chains are considerably more mobile than longchains which cause an increase in crystallinity percentage.
Infrared microscopic examination confirms filament dynamometry results. Similarly, the homogeneity properties of the filaments taken from the virgin prosthesis and the heterogeneity of the filaments taken from the explanted prosthesis were highlighted (Figure 10) . Infrared (FTIR) spectroscopy can be a very powerful tool for studying chemical structure in bulk materials as well as providing molecular conformation details that are inaccessible to most analytical methods. Thus, we used the FTIR technique to measure the crystalline and amorphous content in PET, using absorption bands at 1340 cm −1 and 1370 cm −1 , respectively, with the band at 1410 cm −1 as an internal standard. It has been shown that there is an increase in the population of transethylene glycol conformation (crystalline phase) at the expense of the gauche (amorphous phase) after physical ageing, that is, one structural alteration that occurs on physical ageing is the change from gauche to transconformations of the ethylene units in PET. 1 H NMR method provides a convenient mean to quantify the effect of chemical ageing for various explants. Examination of a series of PET vascular prostheses showed significant chemical differences between the virgin prostheses and the explants collected after ageing, especially for diethylene glycol (DEG) groups. Ageing was investigated in terms of chemical scission of ester and ether linkages caused by hydrolytic and oxidative reaction during in vivo stay ( Figure 19 ). Therefore, after ageing, these long macromolecular chains (virgin prosthesis) have suffered severe degradation. This phenomenon is related to the formation of smaller molecules and it may proceed by random scission in DEG. Similarly, according to several authors [36, 38] , the cyclic oligomers are released early during the degradation and correspond to the first mass-loss step observed for PET.
All of these studies in the literature coupled with our results (formation of small crystallites in amorphous areas) allow establishing hypotheses about the structural evolution of the polymer after ageing. On the one hand, we showed that the explants had a higher degree of crystallinity than virgin prostheses, and on the other hand, there was a development of small crystallites in the amorphous areas for the explants. This crystallization would begin to occur by the rupture of macromolecular chains mainly at the amorphous areas. So, small more mobile chains appear, which would favor the crystallization in the amorphous areas after ageing. However, these small crystallites are not perfectly oriented along the fiber axis (Figure 20) .
Although, we distinguished a remarkable reduction of the average number of (Mn), it could be due to the fact that just small parts of some chains come off dramatically reducing number average molecular weight, but probably not weighted average molecular weight. Consequently, the ruptures of macromolecular chain do not cause a damage or a dramatically degradation of the vascular prostheses. But the classical dynamometry test (Figure 8 , Table 2 ) shows a strong decrease of the mechanical properties (the breaking extension (ε r ) for all explants compared to the virgin prosthesis.
These failures are related to lesions during the implantation and the chemical degradation of materials in vivo. According to several authors [46, 47] , the mechanical properties, especially the breaking stress (σ r ) are not influenced by the (Mn) values until they decrease to a critical value. Beyond this critical point (i.e., when the (Mn) values decrease under the value of Mn cr (Figure 21) ), the mechanical properties, especially the breaking stress, are greatly weakened. The chemical ageing may induce serious degradation of the breaking stress and therefore can justify the decrease of the (Mn) values found for the explanted prostheses and consequently the weighted average molecular weight.
In the future, we hope to find a correlation between Mn and the length of chain and therefore obtain a critical value of (Mn) to monitor the aging behavior. Also, it is relevant to determine polydispersity index to verify the found results and the macromolecular chain repartition.
Conclusions
The ruptures observed on explanted knitted vascular polyester prostheses in humans occurred on areas that can be Figure 21 : Theoretical relationship between macromolecular weight and breaking stress [46] .
qualified as areas of weakness. These areas of weakness seem to be related to the manufacturing process, the implantation, and the human metabolism, which may induce physical and chemical modifications of the polyester yarns. These alterations may be considered as a premature ageing of the polyester before its implantation. So, this study confirmed the high level of polymer degradation in prostheses by the presence of structural anomalies. These anomalies are weaknesses that initiate the degradation and the ageing process.
New generations of vascular fabrics, who are also prone to rupture, should require a more controlled manufacturing process and the use of a PET specifically synthetized for medical applications. The synthetized PET should have less structural anomalies in order to be less prone to in vivo oxidation.
